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Using Piezoresistance Model With C–R Conversion
for Modeling of Strain-Induced Mobility
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Abstract—The piezoresistance model has commonly been used
to describe mobility enhancement for low levels of process induced
strain in CMOS technology. However, many reports show it failing
to describe the superlinear behavior observed at high levels of
stress. This is because the approximation made is only valid for
very low stress levels. In this letter, a conversion between the
change in conductivity and resistivity is developed such that a
piezoresistance model can be applied correctly to calculate the
strain-induced mobility changes. Hence, the overall accuracy is
improved compared to the conventional formulation. Its signifi-
cance is confirmed with the results from Monte Carlo simulations
of mobility, nMOSFETs, pMOSFETs, and nanowires.
Index Terms—CMOS, mobility, MOSFET, nanowire, strained
silicon, uniaxial stress.
I. INTRODUCTION
MOSFET channel strain engineering has become a neces-sary performance booster for CMOS technology nodes
below 90 nm. Reports have shown significant device en-
hancements through introducing process-induced strain into
Si MOSFETs [1]–[4]. To estimate a fractional change in mo-
bility (∆µ/µ) as a function of stress applied to a MOSFET
with respect to its unstressed condition, the most accurate and
physical approach is the band structure calculation together
with the Monte Carlo simulation of mobility. In addition, an
approximate piezoresistance model is often used to organize
experimental data due to its simplicity [5]–[7]. This model
incorporates the fourth rank tensor of first-order piezoresistance
coefficient (πijkl) to describe a change of resistivity (∆ρ/ρ) as
a linear function of stress (σ)
∆µij
µ
≈ −∆ρij
ρ
= −
∑
kl
πijklσkl (1)
where i, j, k, l represent the orthogonal axes x, y, or z.
According to [8], it is more accurate to designate (1) as a
piezoconductance model. This confusion occurs because the
first-order coefficients of piezoconductance and piezoresistance
are convertible, having the same in magnitudes but in opposite
signs. For the higher order coefficients, specific conversions
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TABLE I
SUMMARY OF COEFFICIENTS OF PIEZORESISTANCE (π) FOR
LIGHTLY DOPED Si AND Si INVERSION LAYERS ON A
(100) Si WAFER [10−11 Pa−1]
are required [8]. A further simplification to (1) using matrix
manipulations [9] is ∆µ/µ ≈ −(π//σ// + π⊥σ⊥) for consider-
ing uniaxial stresses along the longitudinal (//) and transverse
(⊥) directions of the current flow [5]. The conventional π
values measured by Smith [10] (Table I) are inaccurate for
MOSFETs due to the surface roughness scattering and the
carrier quantization in the inversion layer. Hence, the mea-
sured values for Si inversion layers [6], [11]–[13] (Table I)
extend the applicability of such commonly used model in (1).
Nevertheless, its accuracy is only restricted within a range of
low levels of process induced stress [6], [10], in which both
conductivity and resistivity are linear functions of stress. At
relatively high stress levels, (1) fails since the stress-induced
mobility enhancement is measured to be in excess of the linear
increases (superlinear behavior) that it predicts [2], [14].
In this letter, the widely used but limiting approximation,
assumed in (1), is discussed. A conversion between the change
in conductivity and resistivity (C–R conversion) is developed
such that the piezoresistance model can be correctly used for
the modeling of stress-induced mobility. Then, it is compared
with both simulated and experimental data to validate its
effectiveness.
II. C–R CONVERSION
A key problem with the conventional use of the piezoresis-
tance model in (1) is the approximation [5], [7]
∆µ
µ
≈ −∆ρ
ρ
. (2)
This approximation was valid when stress levels were low [6].
At high stress levels, a C–R conversion is developed, based
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Authorized licensed use limited to: Newcastle University. Downloaded on March 15,2010 at 07:44:14 EDT from IEEE Xplore.  Restrictions apply. 
TSANG et al.: USING PIEZORESISTANCE MODEL FOR MODELING OF STRAIN-INDUCED MOBILITY 1063
Fig. 1. (a) Plot of ∆µ///µu for a comparison between (1) (dotted line), a
piezoresistance model with the C–R conversion (solid line), and the Monte
Carlo simulation of mobility for a pMOSFET after [15]. (b) Plot of ∆ρ///ρu
as calculated from the simulation data using the C–R conversion and from a
linear piezoresistance model.
on the relation: ρ = 1/qµn, where q is electron charge and
n is carrier concentration. When this relation is applied to
MOSFETs, it is assumed that 1) the bias conditions, e.g., gate
overdrive (Vg − VT ), 2) the device parameters, e.g., channel
length, and 3) doping concentration (n) are consistent for
both strained (s) and unstrained (u) materials. For the applied
stress such that it decreases the resistivity and increases the
mobility, then
∆ρ
ρu
=
ρs − ρu
ρu
=
1/µs − 1/µu
1/µu
=
µu − µs
µs
< 0 (3)
∆µ
µu
=
µs − µu
µu
> 0. (4)
Provided that the applied stress is low µu ≈ µs
∆µ
µu
≈ −∆ρ
ρu
=
µs − µu
µs
. (5)
For higher level of stress at a given π value or larger π value at
a given stress, µu and µs differ significantly and so (2) and (5)
are invalid. In this general case, a C–R conversion is derived by
combining (3) and (4); hence, its expression in a tensor form is
obtained as
∆µij
µ
=
1
∆ρij
ρ + 1
− 1 = 1∑
kl
πijklσkl + 1
− 1. (6)
III. VALIDATION OF THE NEW FORMULATION
Monte Carlo simulations performed in [15] show the vari-
ation of the mobility along the channel direction (∆µ///µu)
with longitudinal stress for a pMOSFET having a 〈110〉 channel
direction on a (100) Si wafer [Fig. 1(a)]. The simulation results
shown were attributed to the variation in the conductivity mass,
repopulation of carriers to the subbands, and reduction in the
scattering rate due to band splitting [15]–[17]. Using (1) with
Fig. 2. Comparison between (1) (semisolid line), the piezoresistance model
with the C–R conversion (solid line), and experimental results for the mobility
enhancement along the channel measured from p- and n-MOSFETs after
[13] and [17].
a π
(1)
// value of 59× 10−11 Pa−1 gives a good agreement for
low stress level, but fails in the high stress regime, significantly
underestimating the mobility enhancement observed from the
simulation. In contrast, the result for a piezoresistance model
with the C–R conversion in (6) using the same value of π(1)//
shows remarkably good agreement. Such accuracy is attributed
to the removal of the approximation µu ≈ µs. Furthermore,
in Fig. 1(b), the simulated mobility data are converted into
the change of resistivity using the C–R conversion. A strong
linear behavior is observed, and this reflects how the resistivity
responds to the stress-induced mobility change in Fig. 1(a).
Therefore, it can be described by the conventional piezore-
sistance model (∆ρij/ρ =
∑
kl πijklσkl). The comparison be-
tween Fig. 1(a) and (b) shows that for a given π(1)// value, the
resistivity change is linear while the mobility change is nonlin-
ear. This explains why the linear piezoconductance model (1)
failed to describe the experimental and simulated strain-induced
mobility in previous works [2], [14], [15], [18]. The C–R
conversion is beneficial that it allows modeling of the nonlinear
mobility response in the absence of higher order piezoconduc-
tance coefficients even if the piezoresistance response is linear.
Fig. 2 shows the variation of mobility change along the
channel, extracted from wafer bending experiments for both
p- and n-MOSFETs, having 〈110〉 channel directions on (100)
Si wafers [13], [17]. The approximation in (1) and the piezore-
sistance model with the C–R conversion both take the same
π
(1)
// values of 71.8× 10−11 Pa−1 and −30× 10−11 Pa−1 for
p- and n-MOSFET, respectively. It is observed that the C–R
conversion uses the piezoresistance model correctly, and hence,
an excellent agreement with the experimental data including the
superlinear behavior at high levels of stress can be obtained.
The improved accuracy is more significant for p-MOSFET than
n-MOSFET due to the larger value of π(1)// which invalidates
the approximation assumed in (5) at relatively low stress value.
The simplicity makes the proposed approach ideally suited for
organizing experimental data.
In Fig. 3, mobility enhancements along the channel are
shown for strained Si nanowire field-effect transistors having a
〈111〉 channel direction [19]. An excellent agreement between
the experimental mobility results is obtained after the use
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Fig. 3. Comparison of the piezoresistance model with the C–R conversion
(solid line) and (1) (dotted line) and experimental results for a strained Si
nanowire field-effect transistor after [19].
of the C–R conversion with π(1)// = 455× 10−11 Pa−1. This
value is significantly larger than the value for lightly doped Si
which is 93.5× 10−11 Pa−1, consistent with the conclusions
made in [19]. Since such mobility variation shown here is
superlinear, using the C–R conversion can extract the accurate
π
(1)
// value from the mobility data but the linear commonly used
formulation in (1) cannot. It should be emphasized that, for an
extraction of π(1)// value from resistivity data, the conventional
piezoresistance model is satisfactory; whereas for this from
mobility data, it should be used with the C–R conversion.
It is worth noting that, the linear piezoresistance concept fails
when the applied stress exceeds the linear limit where nonlinear
piezoresistance effect occurs [8], [20], [21]. Although C–R
conversion is used, its validity has yet remained only for low
levels of stress. To extend the formulation proposed over such
the linear limit, expressing the ∆ρij/ρ term in (6) with higher
order piezoresistance coefficients is suggested. In addition, the
simplicity of the formulation proposed is worthwhile for both
organizing experimental data and linking stress with electrical
simulations. However, the band structure calculation together
with the Monte Carlo simulations of mobility remains the most
accurate approach to understand the physical details behind
the scene.
IV. CONCLUSION
The C–R conversion presented encourages the correct use of
a piezoresistance model for estimating stress-induced mobility.
Its significance has been verified with simulation and experi-
mental data. The results show how this correction dramatically
improves the accuracy over the commonly used formulation of
piezoresistance concept while maintaining its simplicity.
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